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Introduction {#sec001}
============

The WHO Global Report on Surveillance of Antimicrobial Resistance 2014 says that *E*. *coli* and *K*. *pneumoniae* have developed more than 50% of resistance to commonly used antibacterial drugs in many settings \[[@pone.0119422.ref001]\]. Of particular concern is the fact that *K*. *pneumoniae* has developed resistance to carbapenems, the last line of available treatment in all WHO regions \[[@pone.0119422.ref001]\]. This ongoing explosion of multi-drug resistant Gram-negative 'superbugs' including the New Delhi metallo-beta-lactamase-1 (*bla* ~NDM-1~) producing bacteria along with the paucity of antibiotics poses a threat to the global public health \[[@pone.0119422.ref002]--[@pone.0119422.ref004]\]. More importantly, carbepenem resistant bacteria such as *bla* ~NDM-1~ *E*. *coli* and *bla* ~NDM-1~ *K*. *pneumoniae* have become resistant to the highly toxic and the last resort antibiotic, colistin \[[@pone.0119422.ref002],[@pone.0119422.ref003]\]. Another antibiotic, tigecycline though useful in tissue infections, is less useful in systemic infections. Development of resistance to tigecycline in Gram-negative bacteria being reported in clinical settings is a matter of worry \[[@pone.0119422.ref004]\]. The emergence of pan-drug resistant Gram-negative bacteria has become a reality, necessitating the exploration for alternative ammunitions to combat them.

One of the promising strategies to target multi-drug resistant (MDR) bacteria is by using either combination of two antibiotics or combination of antibiotics and non-antibiotics/adjuvants \[[@pone.0119422.ref005]--[@pone.0119422.ref016]\]. The combination of two or more antibiotics has been found to foster the development of bacterial resistance than the individual antibiotics \[[@pone.0119422.ref017]\]. An ideal combination approach would have at least one agent with lower rate of emergence of bacterial resistance. Molecules targeting the cell membrane of bacteria have been known to possess low propensity for triggering the development of bacterial resistance \[[@pone.0119422.ref018]--[@pone.0119422.ref024]\]. We have recently reported quaternized poly(isobutylene-alt-*N*-(*N*',*N*'-dimethyl *N*'-alkyl aminopropyl)-maleimide) derivatives with membrane-active properties having excellent antibacterial efficacy against a panel of drug-resistant bacteria \[[@pone.0119422.ref023]\]. Thus, it would be ideal to entrust these polymeric derivatives, designated herein as membrane-active macromolecules (MAMs) ([Fig. 1A](#pone.0119422.g001){ref-type="fig"}), the role of re-sensitizing the superbugs to the antibiotics using a combination approach. In this report, we took an approach of developing molecular strategies to rehabilitate the 'old antibiotics' towards Gram-negative superbugs and attempted to support our observations using organismic studies and molecular reasoning, bridging both chemistry and biology. The mechanistic investigations of re-sensitization, membrane-active properties of MAMs and more importantly, the drug resistance studies of tetracycline antibiotics in presence of MAMs are reported herein.

![(A) Structures of the membrane active molecules (MAMs) and (B) Schematic representation of agarose gel (2%) showing the 475 bp amplified product by conventional polymerase chain reaction.\
Lane 1, 100 bp DNA ladder; Lane 2, positive control- NDM-1 producing *K*. *pneumoniae* (ATCC-BAA-2146); Lane 3, negative control- *E*. *coli* (ATCC-25922); Lane 4, *E*. *coli* R3336 and Lane 5, *K*. *pneumoniae* R3934 confirm the *bla* ~NDM-1~ gene; Lane 6, multi-drug resistant (MDR) *K*. *pneumoniae* R3421 which was negative for *bla* ~NDM-1~ gene.](pone.0119422.g001){#pone.0119422.g001}

Results and Discussion {#sec002}
======================

Clinical isolates of carbapenem-resistant bacteria (minimum inhibitory concentration, MIC of meropenem \>16 μg mL^-1^) were characterized for *bla* ~NDM-1~ gene (475 bp) using PCR and gel electrophoresis ([Fig. 1B](#pone.0119422.g001){ref-type="fig"}) \[[@pone.0119422.ref002],[@pone.0119422.ref025],[@pone.0119422.ref026]\] .The *bla* ~NDM-1~ gene was confirmed in *K*. *pneumoniae* R3934 and *E*. *coli* R3336 including the positive control *K*. *pneumoniae* (ATCC-BAA-2146) whereas MDR *K*. *pneumoniae* R3421 showed negative ([Fig. 1B](#pone.0119422.g001){ref-type="fig"}). The prevalence of *bla* ~NDM-1~ in clinical settings makes the development of alternative strategies imperative.

All the three *bla* ~NDM-1~ isolates and the MDR strain are represented here on as R3336, R3934, ATCC2146 and R3421 respectively. All the four isolates were sensitive to tigecycline and colistin only (MIC = 0.5--1 μg mL^-1^) and were highly resistant to intracellular antibiotics (ciprofloxacin, kanamycin, erythromycin, tetracycline, doxycycline and minocycline) and cell-wall directed antibiotics (ampicillin and meropenem) (see Table A in [S1 Text](#pone.0119422.s002){ref-type="supplementary-material"}) \[[@pone.0119422.ref025]\]. In most of the cases, the MICs of the antibiotics against all the four bacteria were \> 250 μg mL^-1^, the highest concentration tested (see Table A in [S1 Text](#pone.0119422.s002){ref-type="supplementary-material"}). This provides yet another evidence for the high level of multi-drug resistance in clinical settings. The antibacterial activity of MAMs alone was also evaluated and found to be marginal against all the four isolates. MAM1 displayed MIC of 250 μg mL^-1^ against R3336 and 62.5 μg mL^-1^ against ATCC2146 whereas it showed MIC of 125 μg mL^-1^ against both R3934 and R3421 (see Table B in [S1 Text](#pone.0119422.s002){ref-type="supplementary-material"}). On the other hand, MAM2 showed MIC of 125 μg mL^-1^ against all the four bacteria (see Table B in [S1 Text](#pone.0119422.s002){ref-type="supplementary-material"}).

We tested the combination efficacy of eight antibiotics and MAMs against the isolates (see Table A in [S1 Text](#pone.0119422.s002){ref-type="supplementary-material"}) using chequerboard assays \[[@pone.0119422.ref027]\]. Using the fractional inhibitory concentration (FIC), a combination was called synergistic when the combined FIC of both agents, (the FIC Index; FICI) was ≤ 0.5 \[[@pone.0119422.ref027]\]. In the presence of MAMs (at a concentration of 12.5 and 25 μg mL^-1^ for MAM1 and 25 and 50 μg mL^-1^ for MAM2), the MICs of the antibiotics like ampicillin, meropenem, ciprofloxacin, erythromycin and kanamycin did not reduce when tested against the two clinical isolates- R3336 and R3934 (see Table A in [S1 Text](#pone.0119422.s002){ref-type="supplementary-material"}). However, synergistic effect (FICI of ≤ 0.5) of MAMs was observed with tetracycline antibiotics (tetracycline, doxycycline and minocycline) against all the four isolates (see Table C in [S1 Text](#pone.0119422.s002){ref-type="supplementary-material"}).

Notably, MAM1 at 12.5 μg mL^-1^, which is 1/20^th^, 1/10^th^ and 1/5^th^ of its MIC against R3336, R3934 and R3421 respectively showed high synergy (FICI as low as 0.15) in combination with both doxycycline and minocycline (see Table C in [S1 Text](#pone.0119422.s002){ref-type="supplementary-material"}). At 25 μg mL^-1^, MAM1 in combination with doxycycline and minocycline displayed synergy against all the four isolates. On the other hand, MAM2 at 25 μg mL^-1^ (1/5^th^ of MIC) resulted in synergistic combinations with doxycycline and minocycline against the *bla* ~NDM-1~ strains (ATCC2146, R3336 and R3934). Whereas, at 50 μg mL^-1^, it showed synergy with doxycycline and minocycline against all the four clinical isolates. Tetracycline showed synergy in presence of MAM1 against R3336, R3934 and ATCC 2146 whereas in presence of MAM2, synergy was observed only against ATCC2146. Next, we tested the combination efficacy of eight antibiotics and colistin against all the four clinical isolates as a control. Colistin at 0.25 μg mL^-1^ (\~ 1/3^rd^ of MIC) displayed synergy (FICI of 0.3 to 0.5) with tetracycline against R3934 and showed synergy with both tetracycline and doxycycline against ATCC2146 (see Table C in [S1 Text](#pone.0119422.s002){ref-type="supplementary-material"}).

The study also demonstrated that MAMs re-sensitized all the four isolates to tetracycline antibiotics ([Table 1](#pone.0119422.t001){ref-type="table"}). The CLSI breakpoint for the susceptibility of tetracycline antibiotics is ≤ 4 μg mL^-1^ \[[@pone.0119422.ref024]\]. The MICs of tetracycline antibiotics were brought down to susceptible limits of as low as 0.2--3.1 μg mL^-1^, resulting in \>80--1250 fold of reduction in the presence of MAMs ([Table 1](#pone.0119422.t001){ref-type="table"}). MAM1 at 12.5 μg mL^-1^ (1/10^th^ of its MIC) reduced the MIC of doxycycline and minocycline (\~10 fold) to 3.1 μg mL^-1^ against R3421 ([Table 1](#pone.0119422.t001){ref-type="table"}). Against ATCC 2146, MAM1 reduced the MIC of doxycycline (\> 80 fold) to 3.1 μg mL^-1^ at 1/5^th^ of its MIC (12.5 μg mL^-1^). Whereas, at 25 μg mL^-1^, MAM1 re-sensitized all the four clinical isolates to tetracycline antibiotics (MIC = 0.8--3.1 μg mL^-1^) with the reduction in the range of \> 80--312 fold. On the other hand, MAM2 at 25 μg mL^-1^ (1/5^th^ of MIC) decreased the MIC of doxycycline (\> 312 fold) and minocycline (\~ 77 fold) down to 0.8 μg mL^-1^ against ATCC2146. At 50 μg mL^-1^, MAM2 re-sensitized (\> 300--1250 fold) all the four isolates to tetracycline antibiotics by lowering the MIC to 0.2--3.1 μg mL^-1^. Over all, MAM1 showed higher synergistic and re-sensitization profiles at low concentrations than MAM2 against all the four isolates. The synergistic combination was not only found to be bacteriostatic but also bactericidal, unlike tetracycline antibiotics that are only bacteriostatic in nature. MAM1 + minocycline (50 μg mL^-1^ + 6.3 μg mL^-1^) showed bactericidal activity whereas minocycline (6.3 μg mL^-1^) alone and MAM1 (50 μg mL^-1^) alone were devoid of antibacterial activity against R3336 ([Fig. 2A](#pone.0119422.g002){ref-type="fig"} and see Figure A in [S1 Text](#pone.0119422.s002){ref-type="supplementary-material"}). Colistin, at 0.25 μg mL^-1^ showed no re-sensitization of any of the four isolates to tetracycline antibiotics ([Table 1](#pone.0119422.t001){ref-type="table"}). MAMs had higher synergistic and re-sensitization profiles than colistin. The synergistic and re-sensitization profiles of MAMs and colistin are seen specifically to tetracycline antibiotics but not with other cell-wall directed or intracellular antibiotics. In presence of either MAMs or colistin, synergy was not observed with ampicillin and meropenem as the beta-lactamases found in the MDR and *bla* ~NDM-1~ Gram-negative bacteria degrade them \[[@pone.0119422.ref028]\]. Within tetracycline antibiotics, it was found that the synergistic and re-sensitization profiles were always way better for doxycycline and minocycline than the first generation antibiotic, tetracycline. Over all, four isolates of Gram-negative superbugs were made susceptible to tetracycline antibiotics in combination with MAMs. Even against a tetracycline sensitive strain of *E*. *coli* (ATCC 25922), MAM2 at 62.5 μg mL^-1^ (1/4^th^ of its MIC) showed a 2-fold reduction in the MIC of tetracycline (MIC-1.56 μg mL^-1^).

10.1371/journal.pone.0119422.t001

###### Antibacterial efficacy of tetracycline antibiotics with or without MAMs and colistin against MDR and *bla* ~NDM-1~ clinical isolates.

![](pone.0119422.t001){#pone.0119422.t001g}

  Antibiotics and bacterial strains                      MIC of antibiotic (μg mL^-1^)                        
  ---------------------------------------------- ------- ------------------------------- ----- ------- ------ ------
  *blaNDM-1* *E*. *coli* *R3336*                                                                              
  Tetracycline                                   32      12.5                            6.2   25      12.5   25
  Doxycyline                                     62      6.2                             3.1   12.5    3.1    25
  Minocycline                                    32      12.5                            3.1   6.2     2.2    25
  *blaNDM-1* *K*. *pneumoniae* *R3934*                                                                        
  Tetracycline                                   \>250   100                             50    \>100   100    100
  Doxycycline                                    \>250   37                              9.4   25      9.4    50
  Minocycline                                    62      9.4                             1.5   12.5    1.9    25
  *blaNDM-1* *K*. *pneumoniae* *ATCC-BAA-2146*                                                                
  Tetracycline                                   \>250   6.2                             3.1   12.5    12.5   6.2
  Doxycycline                                    \>250   3.1                             0.8   0.8     0.2    12.5
  Minocycline                                    62      6.2                             0.8   0.8     0.2    25
  *MDR* *K*. *pneumoniae* *R3421*                                                                             
  Tetracycline                                   16      12.5                            2.3   19      3.1    12.5
  Doxycycline                                    30      3.1                             0.8   16      2.3    12.5
  Minocycline                                    30      3.1                             1.1   12.5    2.3    6.2

![Synergy, resistance development and *in-vivo* antibacterial efficacy of MAMs and tetracycline antibiotics against *bla* ~NDM-1~ *E*. *coli* (R3336).\
(A) The combination of MAM1 and minocycline (50 μg mL^-1^ + 6.3 μg mL^-1^) showed synergistic bactericidal activity whereas MAM1 (50 μg mL^-1^) alone and minocycline alone (6.3 μg mL^-1^) were devoid of antibacterial activity (star represents \< 50 CFU mL^-1^, the detection limit of the experiment). (B) Bacteria developed resistance to minocycline alone with increase in MIC up to 400 μg mL^-1^ whereas it did not develop resistance to minocycline (6.2 μg mL^-1^) in presence of MAM1 (50 μg mL^-1^) up to 30 days. Bacteria did not readily develop resistance to MAM1 whereas it developed resistance to colistin with an increase in MIC up to 1000 μg mL^-1^. (C) *In-vivo* antibacterial efficacy of MAM1 and doxycycline in mice models. The bacterial burden in the thighs of the mice (4 mice in each group) were determined and expressed as mean ± S.E.M (standard error of mean). P value was calculated using the unpaired Student's *t* test (2 tailed 2 samples assuming equal variances) and a value P \< 0.05 was considered significant. \*P = 0.03 between the saline treated and combination treated samples (Inset shows the experimental design).](pone.0119422.g002){#pone.0119422.g002}

Emergence of rapid resistance in bacteria to conventional antibiotics is a major problem and is the primary hurdle for the introduction of new antibiotics in clinical settings. We have evaluated the development of resistance in *bla* ~NDM-1~ *E*. *coli* (R3336) by exposing to sub-MIC doses of colistin, MAM1, minocycline alone and in combination with MAM1 over 30 passages ([Fig. 2B](#pone.0119422.g002){ref-type="fig"}). As shown in [Fig. 2B](#pone.0119422.g002){ref-type="fig"}, *bla* ~NDM-1~ *E*. *coli* (R3336) rapidly developed resistance to colistin with an increase in MIC (from 0.5 μg mL^-1^ on day 1) up to 1000 μg mL^-1^ within 15 passages. This supports the high emergence of resistance in Gram-negative bacteria to colistin that is being observed in clinical settings \[[@pone.0119422.ref003]\]. In contrast, resistance did not develop with the treatment of MAM1 as observed by the consistent MIC over 30 passages as shown in the [Fig. 2B](#pone.0119422.g002){ref-type="fig"}. This data shows that bacteria do not readily develop resistance to membrane-active molecules. *Bla* ~NDM-1~ *E*. *coli* (R3336) which was already resistant to minocycline further developed resistance by a 16-fold increase in MIC after 30 passages ([Fig. 2B](#pone.0119422.g002){ref-type="fig"}). Once again, it suggests that resistance to tetracycline antibiotics can indeed develop rapidly with sub-MIC treatment. On the other hand, the development of resistance by *bla* ~NDM-1~ *E*. *coli* (R3336) to minocycline was not observed in the presence of MAMs ([Fig. 2B](#pone.0119422.g002){ref-type="fig"}). The MIC of MAM1 + minocycline (50 μg mL^-1^ + 6.2 μg mL^-1^) stayed consistent over the 30 passages as shown in [Fig. 2B](#pone.0119422.g002){ref-type="fig"}. Resistance studies performed in tetracycline sensitive *E*. *coli* (ATCC 2592) also showed similar results wherein the resistance did not develop for the combination of tetracycline and MAMs unlike tetracycline alone (see Figure B in [S1 Text](#pone.0119422.s002){ref-type="supplementary-material"}). This showed that *E*. *coli* did not develop resistance to tetracycline antibiotics in presence of MAMs. It is known that the membrane-active nature bestows low tendency to develop bacterial resistance to membrane-lytic agents \[[@pone.0119422.ref018]--[@pone.0119422.ref024]\]. We believe that it is the same membrane-active properties that stalled the antibiotic resistance of tetracycline but it certainly needs further investigations. These observations prove the advantage of using MAMs in combination with antibiotics to curb resistance development.

*In-vivo* toxicity of MAMs still remain unaddressed that prevent them to be suitable candidates for therapeutic applications. Experiments were performed to assess the *in-vivo* systemic toxicity of MAMs after single-dose intravenous (i.v.) administration to mice. Mice were observed for 14 days post treatment to find out the lethal effects. The 50% lethal dose (LD~50~) values were found to be 20 mg kg^-1^ and 37 mg kg^-1^ for MAM1 and MAM2 respectively. We also tested the toxicity of the MAM1 through single dose intraperitoneal (i. p.) and subcutaneous (s. c.) injection into the mice and found no lethal effects up to 17.5 mg kg^-1^ and 55 mg kg^-1^ respectively. Next, we investigated the sub-chronic toxicity to major organs in mice by evaluating the clinical biochemistry parameters in the blood after a single-dose i.v. administration of MAM1 and MAM2 (at a dosage of 2 mg kg^-1^). Neither of the derivatives induced any adverse toxicity to major organs like liver and kidney and did not interfere with the balance of electrolytes in the blood of mice 2 days ([Table 2](#pone.0119422.t002){ref-type="table"}) and 14 days (see Table D in [S1 Text](#pone.0119422.s002){ref-type="supplementary-material"}) post treatment compared to vehicle control and laboratory parameters. For the combination efficacy of antibiotics and MAMs, the mice were given a single i.v. injection of combination of doxycycline and MAM1. It was observed that the mice showed no lethal effects after injection of doxycycline + MAM1 up to 100 mg kg^-1^ + 15 mg kg^-1^ and also doxycycline (100 mg kg^-1^) alone. This showed that these MAMs alone and in combination with antibiotics have low toxicity in mice models and have a good safety profile required for therapeutic applications.

10.1371/journal.pone.0119422.t002

###### Effect of MAMs on the liver and kidney functional parameters and balance of electrolytes in the blood of mice 48 h post-treatment.

![](pone.0119422.t002){#pone.0119422.t002g}

  Treatment                                               Liver Function         Kidney Function           Electrolyte Balance                                                        
  ------------------------------------------------------- ---------------------- ------------------------- ------------------------ ------------------------- ----------------------- -----------------------
  PBS                                                     150 ± 57               0.23 ± 0.07               18.4 ± 3.4               143 ± 1.6                 7.2 ± 0.7               111.5 ± 1.8
  MAM1                                                    157 ± 64 (P \> 0.05)   0.19 ± 0.06 (P \> 0.05)   16.4 ± 2.2 (P \> 0.05)   143 ± 1.7 (P \> 0.05)     7.3 ± 0.5 (P \> 0.05)   109 ± 2.4 (P \< 0.05)
  MAM2                                                    140 ± 43 (P \> 0.05)   0.25 ± 0.11 (P \> 0.05)   19.1 ± 4.4 (P \> 0.05)   146.1 ± 0.8 (P \< 0.05)   6.0 ± 0.5 (P \< 0.05)   114 ± 2.1 (P \< 0.05)
  Laboratory Range[\*](#t002fn002){ref-type="table-fn"}   209.3 ± 72.4           0.38 ± 0.12               16 ± 7.2                 152.3 ± 17                8.9 ± 1.5               119.3 ± 13.5

The data are expressed as mean ± standard deviation, based on values obtained from 10 mice (n = 10). Statistical analysis was performed using student's *t-test*. Differences are considered statistically significant with probability p \< 0.05. ALP, alkaline phosphatase; I.U, international unit.

\*Source: Charles River Laboratories.

Preliminary studies were performed to evaluate the *in-vivo* antibacterial efficacy of combination of MAMs and antibiotics. Using a neutropenic thigh infection model against *bla* ~NDM-1~ *E*. *coli* (R3336), mice were injected (1 h and 12 h post-infection) with MAM1 (15 mg kg^-1^), doxycycline (100 mg kg^-1^) and MAM1 + doxycyline (15 mg kg^-1^ + 100 mg kg^-1^). The bacterial burdens in thigh muscle of the mice treated with the combination of MAM 1 + doxycyline were found to be significantly (P = 0.03) lower than the saline treated mice ([Fig. 2C](#pone.0119422.g002){ref-type="fig"}). These preliminary studies though show some potential of combination therapy but certainly needs further investigations.

Mechanistic studies were performed in tetracycline resistant *bla* ~NDM-1~ *E*. *coli* (R3336) and tetracycline sensitive *E*. *coli* (ATCC 25922) to understand the mechanism of re-sensitization of tetracycline antibiotics. Tetracycline is fluorescent in aqueous solutions and it is reported that there is an enhancement in its fluorescence as it traverses the bacterial cell membranes \[[@pone.0119422.ref029]\]. The uptake of tetracycline (100 μg mL^-1^) alone was less and slow in *bla* ~NDM-1~ *E*. *coli* (R3336) as shown in [Fig. 3A](#pone.0119422.g003){ref-type="fig"}. In presence of the MAMs (20 μg mL^-1^), *bla* ~NDM-1~ *E*. *coli* (R3336) had a much higher and faster uptake of tetracycline compared to tetracycline alone ([Fig. 3A](#pone.0119422.g003){ref-type="fig"}). Similarly, the higher uptake was observed even with tetracycline sensitive *E*. *coli* (ATCC 25922) (see Figure C in [S1 Text](#pone.0119422.s002){ref-type="supplementary-material"}). The mechanism of re-sensitization can be attributed to this enhanced and faster uptake of tetracycline.

![Uptake of tetracycline and membrane-active properties of polymers against *bla* ~NDM-1~ *E*. *coli* (R3336).\
(A) Uptake of tetracycline by increase in its fluorescence in presence of the MAM1 and MAM2 ((both at 20 μg mL^-1^). Tetracycline was used at 100 μg mL^-1^. (B) Dissipation of membrane potential by increase in the fluorescence of DiSC~3~(5) with the treatment of MAM1 and MAM2 (both at 100 μg mL^-1^). (C) Uptake of tetracycline in presence of MAM1, MAM2 (both at 20 μg mL^-1^) and colistin (30 μg mL^-1^) as well as in the presence of nigericin (at 10 μg mL^-1^). (D) Membrane permeabilization by increase in the fluorescence of propidium iodide (PI) with the treatment of MAM1 and MAM2 (both at 100 μg mL^-1^).](pone.0119422.g003){#pone.0119422.g003}

In a pursuit to determine the driving force for this higher uptake of tetracycline, we investigated the membrane-active properties of MAMs. The urge to do so stems from the fact that tetracycline is known to accumulate in bacteria through ΔpH (transmembrane pH) gradient \[[@pone.0119422.ref030]\]. Bacteria maintain an intact proton motive force (PMF) across the cell membrane that is a combination of transmembrane electrical potential (ΔΨ) and ΔpH \[[@pone.0119422.ref031]\]. Using a fluorescence assay, we measured the cytoplasmic membrane depolarization by MAMs in *bla* ~NDM-1~ *E*. *coli* (R3336) using the dye, DiSC~3~(5) (3, 3'-dipropylthiadicarbocyanine iodide) ([Fig. 3B](#pone.0119422.g003){ref-type="fig"}). DiSC~3~(5) intercalates into the cytoplasmic membrane of energized cells and initially the fluorescence is quenched \[[@pone.0119422.ref023],[@pone.0119422.ref024]\]. Upon disruption of the membrane potential (ΔΨ), the release of the dye into the solution results in increase of fluorescence. MAMs selectively dissipated the ΔΨ component of the PMF as seen in the increase of fluorescence of DiSC~3~(5) when added at 100 μg mL^-1^ ([Fig. 3B](#pone.0119422.g003){ref-type="fig"}). MAM1 showed higher cytoplasmic membrane depolarization than MAM2 ([Fig. 3B](#pone.0119422.g003){ref-type="fig"}). This observation supports the fact that MAM1 displayed higher synergy and re-sensitization profiles than MAM2 ([Table 1](#pone.0119422.t001){ref-type="table"} and see Table C in [S1 Text](#pone.0119422.s002){ref-type="supplementary-material"}). Colistin, like MAMs, is already known to dissipate ΔΨ \[[@pone.0119422.ref006]\] whereas tetracycline alone did not have any effect on the ΔΨ of bacteria ([Fig. 3B](#pone.0119422.g003){ref-type="fig"}). Even against tetracycline sensitive *E*. *coli* (ATCC 25922), MAM1 has higher dissipation of membrane potential than MAM2 (see Figure C in [S1 Text](#pone.0119422.s002){ref-type="supplementary-material"}). This selective dissipation of ΔΨ by MAMs led us to the hypothesis that membrane potential might play a role in the mechanism of re-sensitization.

To support this hypothesis, we performed the uptake studies of tetracycline in *bla* ~NDM-1~ *E*. *coli* (R3336) in presence of CCCP (carbonyl cyanide *m*-chlorophenyl hydrazone) that is known to abolish PMF and nigericin which is known to selectively dissipate ΔpH \[[@pone.0119422.ref030],[@pone.0119422.ref031]\]. Bacteria in presence of both nigericin and CCCP (both at 10 μg mL^-1^) had a decreased uptake of tetracycline ([Fig. 3C](#pone.0119422.g003){ref-type="fig"} and see Figure D in [S1 Text](#pone.0119422.s002){ref-type="supplementary-material"}). Whereas, in presence of MAMs (both at 20 μg mL^-1^) and colistin (30 μg mL^-1^), increased uptake of tetracycline was observed compared to tetracycline alone ([Fig. 3C](#pone.0119422.g003){ref-type="fig"}). Even tetracycline sensitive *E*. *coli* (ATCC 25922) had a lower uptake in presence of CCCP whereas colistin and MAMs had an increased uptake of tetracycline (see Figure C in [S1 Text](#pone.0119422.s002){ref-type="supplementary-material"}). As tetracycline is known to accumulate in the bacteria through ΔpH dependent pathway \[[@pone.0119422.ref030]\], CCCP and nigericin resulted in a decreased uptake of tetracycline. However, MAMs dissipate the ΔΨ component of the PMF that might have to be compensated by an increase in the ΔpH component driving the uptake of tetracycline. It has been reported that CCCP and nigericin inhibits tetracycline accumulation whereas valinomycin, which specifically cancels the ΔΨ, does not inhibit the accumulation \[[@pone.0119422.ref030]\].

Kinetics of membrane permeabilization was studied by measuring the uptake of a fluorescent probe propidium iodide (PI) against *bla* ~NDM-1~ *E*. *coli* (R3336). This dye enters only membrane compromised cells and fluoresces upon binding to nucleic acids \[[@pone.0119422.ref023],[@pone.0119422.ref024]\]. MAMs when added at 100 μg mL^-1^, increased the permeability of propidium iodide (PI) to bacterial cell membranes as seen by the increase of its fluorescence whereas tetracycline alone does not have any effect on membrane permeability ([Fig. 3D](#pone.0119422.g003){ref-type="fig"}). MAM1 caused higher cytoplasmic membrane permeabilization than MAM2 which further facilitated the uptake of tetracycline antibiotics ([Fig. 3D](#pone.0119422.g003){ref-type="fig"}). Similar results were also observed with tetracycline sensitive *E*. *coli* (ATCC 25922) (see Figure C in [S1 Text](#pone.0119422.s002){ref-type="supplementary-material"}). Overall, the mechanism of restoring the efficacy can be attributed to the membrane-active properties of MAMs that enabled the uptake of tetracycline both in tetracycline resistant and sensitive strains.

Clinically approved drugs (loperamide) \[[@pone.0119422.ref006]\], 2-aminoimidazoles \[[@pone.0119422.ref007]\], acyl lysine oligomers (OAKs) \[[@pone.0119422.ref009]\], polycarbonates \[[@pone.0119422.ref010]\], silver (Ag^+^) \[[@pone.0119422.ref014]\], Ianthelliformisamines \[[@pone.0119422.ref015]\] and cationic cobaltocenium-containing polymers \[[@pone.0119422.ref016]\] were found to be antibiotic-enhancers against bacteria. These reports taken together with our data, suggest that the synergy to different antibiotics mostly depends on the nature of the membrane-active agent used in combination to them. Our observations and mechanistic studies suggest that the synergy is indeed selective to tetracycline antibiotics but not to other intracellular antibiotics like macrolides, fluoroquinolones and aminoglycosides. To a large extent, bacteria develop resistance to tetracycline antibiotics by excluding them through RND-efflux pumps whereas, other intracellular antibiotics have additional major mechanisms of resistance such as target modification and inactivating enzymes \[[@pone.0119422.ref028]\]. So, we believe that it is the membrane-active properties of MAMs that increased the uptake of tetracycline antibiotics giving them a backdoor entry into the bacteria that are otherwise excluded through the efflux pumps. However, as observed by our group and others, since MAMs dissipate the ΔΨ, the uptake of aminoglycosides is not favorable as they need the ΔΨ for their uptake \[[@pone.0119422.ref006]\]. Despite the fact that membrane-active properties of MAMs can facilitate the entry of other intracellular antibiotics, target modification and inactivating enzymes can play a major role in making them ineffective.

Conclusions {#sec003}
===========

In conclusion, the current crisis of MDR Gram-negative superbugs coupled with the lack of suitable antibiotics establishes the need for alternative approaches to target them. To address this problem, we resorted to the use of combination of membrane-active molecules (MAMs) and antibiotics. We demonstrated that MAMs re-sensitized tetracycline antibiotics with \> 80--1250 fold of reduction in their MIC towards MDR and *bla* ~NDM-1~ pathogens, *E*. *coli* and *K*. *pneumoniae*. Also, the synergistic combination was found to be bactericidal unlike tetracycline antibiotics that are bacteriostatic in activity. Mechanistic studies showed that bacteria had higher uptake of tetracycline in presence of MAMs. Bacteria did not develop resistance to MAMs, unlike to colistin, and moreover MAMs stalled the development of bacterial resistance to antibiotics. MAMs displayed membrane-active properties that had driven the uptake of tetracycline in bacteria. MAMs have strong implications in halting the antibiotic resistance that would otherwise lead to rapid emergence of bacterial resistance. These findings stress the importance of combination approaches of membrane-active molecules and antibiotics to combat MDR Gram-negative superbugs.

Materials and Methods {#sec004}
=====================

Ethics Statement {#sec005}
----------------

Animal studies were performed according to the protocols approved by Institutional Animal Ethics Committee (IAEC) of Jawaharlal Nehru Centre for Advanced Scientific Research (JNCASR) and National Institute of Veterinary Epidemiology and Disease Informatics (NIVEDI). Acute and sub-chronic toxicity studies were performed at Jawaharlal Nehru Centre for Advanced Scientific Research (JNCASR), Bengaluru (CPCSEA/201) in accordance with institutional ethical guidelines. Infection studies were performed at National Institute of Veterinary Epidemiology and Disease Informatics (NIVEDI). The animal experiments were approved by the Institutional Animal Ethics Committee (IAEC) of National Institute of Veterinary Epidemiology and Disease Informatics (NIVEDI), Bengaluru (881/GO/ac/05/CPCSEA) and carried out as per the guidelines of Committee for the purpose of Supervision and Experiments on Animals (CPCSEA), Ministry of Environment and Forests, New Delhi, India.

Bacterial Strains, Media, MAMs and Antibiotics {#sec006}
----------------------------------------------

Clinical samples were from Department of Neuromicrobiology, National Institute of Mental Health and Neuro Sciences, Hosur Road, Bangalore 560029, India. Bacterial identification was performed by the Vitek 2 Compact 60 system, bioMerieux, France and Gram-negative bacteria were screened for carbapenem resistance using Kirby- Bauer disc diffusion method (data not shown). *E*. *coli* (ATCC 25922) was purchased from MTCC (Chandigarh, India). Synthesis of MAMs was as reported previously \[[@pone.0119422.ref023]\]. Culture media and all the antibiotics were from HIMEDIA and Sigma-Aldrich (India) respectively.

PCR and Gel-electrophoresis {#sec007}
---------------------------

The *bla* ~NDM-1~ gene was identified using the primers NDM-F (5′-GGG CAG TCG CTT CCA ACG GT-3′) and NDM-R (5′-GTA GTG CTC AGT GTC GGC AT-3′) (Eurofins Genomics India Pvt. Ltd., Bangalore) which amplified an internal fragment of 475 bp using conventional polymerase chain reaction (PCR). The conditions included an initial denaturation step of 5 min at 94ºC, followed by 30 cycles of 30s at 95ºC, 30s at 60ºC and 30s at 72ºC, and then a final extension step of 5 min at 72ºC. The PCR products were analyzed in 2% agarose gel, containing 0.05 mg/liter ethidium bromide, at 100V for 1h in 1X Tris Acetate EDTA buffer. A 100 bp DNA ladder was used as a molecular weight marker (SRL Biolit, Mumbai India). Bands were visualized under UV light and an amplified product corresponding to 475 bp was considered as positive.

Antibacterial Assays {#sec008}
--------------------

Antibacterial activity of the antibiotics, MAMs and colistin was measured and MIC was calculated as per our previously published protocols \[[@pone.0119422.ref023],[@pone.0119422.ref024]\]. The combination antibacterial efficacy of MAMs/colistin and antibiotics was measured in nutrient broth using chequerboard assays in the following manner. A solution of 25 μL each of antibiotic and MAMs/colistin was added into each well of a 96 well plate followed by 150 μL of bacterial suspension (\~5.0 × 10^5^ CFU mL^-1^) and incubated at 37°C for 24 h. Bacterial suspension alone and nutrient broth alone served as controls. Each MIC was a result of two independent experiments.

Uptake of tetracycline \[[@pone.0119422.ref006]\] {#sec009}
-------------------------------------------------

The uptake of tetracycline was measured through enhancement in its fluorescence as it enters the bacterial cell membranes. *Bla* ~NDM-1~ *E*. *coli* (R3336) was grown in LB media (OD~600~ \~0.5). The bacteria were harvested, washed and resuspended in 10 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer (pH = 7.2). CCCP and nigericin were dissolved in dimethyl sulfoxide (DMSO) and diluted further in 10 mM HEPES. Always, a freshly made tetracycline solution in water was used owing to its low solubility. All the other test compounds were dissolved in water at 4 mg mL^-1^ and diluted further in HEPES. A bacterial suspension of 100 μl in HEPES containing the test drugs at required concentration (100 μl) was taken for the fluorescence measurements in a Corning 96 well black plate with clear bottom. The fluorescence of tetracycline was monitored using a Tecan InfinitePro series M200 Microplate Reader at the excitation of 405 nm and emission was collected at 535 nm at room temperature for 30 min. The readout is reported as Tet Fluorescence (a.u.) which is the relative fluorescence calculated by subtracting the background from the fluorescence of bacteria containing samples. The fluorescence of tetracycline alone or in presence of MAMs without the bacteria was used as the background. We found no quenching of the fluorescence of tetracycline in presence of MAMs compared to tetracycline alone without bacteria.

Cytoplasmic Membrane Depolarization Assay {#sec010}
-----------------------------------------

Mid-log phase *bla* ~NDM-1~ *E*. *coli* (R3336) or *E*. *coli* (ATCC 25922) cells were harvested, washed with 5 mM HEPES and 5 mM glucose and resuspended in 5 mM glucose, 5 mM HEPES buffer and 100 mM KCl solution in 1:1:1 ratio (\~10^8--9^ CFU mL^-1^). Measurements were made in a Corning 96 well black plate with clear bottom with 150 μl of bacterial suspension and 2 μM of DiSC~3~(5). 0.2 mM of EDTA was used to permeabilize the outer membrane and allow the dye uptake. The fluorescence of the dye was monitored using a Tecan InfinitePro series M200 Microplate Reader at excitation wavelength of 622 nm and emission wavelength of 670 nm. Dye uptake, and resultant self quenching, was modulated by the membrane potential. After reaching the maximum uptake of the dye by bacteria, which was indicated by a minimum in dye fluorescence (after 60 min), the polymer solution was added to the cells, and the decrease in potential was monitored by increase in fluorescence for further 30 min. All the other test compounds dissolved in water at 4 mg mL^-1^ and DiSC~3~(5) dissolved in DMSO were further diluted in the above 5 mM glucose, 5 mM HEPES buffer and 100 mM KCl solution in 1:1:1 ratio. A control without the polymers served as negative control.

Cytoplasmic Membrane Permeabilization Assay {#sec011}
-------------------------------------------

Mid-log phase *E*. *coli* (ATCC 25922) or *bla* ~NDM-1~ *E*. *coli* (R3336) cells were harvested, washed, and resuspended in HEPES buffer of pH 7.2 (\~10^8--9^ CFU mL^-1^). Then, 150 μl of bacterial suspension, 10 μM propidium iodide (PI) and polymer solution were added to the cells in a Corning 96 well black plate with clear bottom. Stock solutions of PI and the polymers were made in water and further diluted in HEPES. Excitation wavelength of 535 nm and emission wavelength of 617 nm were used. The uptake of PI was measured using a Tecan InfinitePro series M200 Microplate Reader by the increase in fluorescence of PI for 30 min as a measure of membrane permeabilization.

Bactericidal time-kill kinetics {#sec012}
-------------------------------

Briefly, *bla* ~NDM-1~ *E*. *coli* R3336 was grown in nutrient broth at 37°C for 6 h. Test compounds were inoculated with the aliquots of bacteria resuspended in fresh media at \~1.8×10^5^ CFU mL^-1^. After specified time intervals (0, 1, 2, 3, 6, and 24 h), 20 μL aliquots were serially diluted 10 fold in 0.9% saline, plated on sterile MacConkey agar plates and incubated at 37°C overnight. The viable colonies were counted the next day and represented as log~10~ (CFU mL^-1^).

Drug Resistance study \[[@pone.0119422.ref024]\] {#sec013}
------------------------------------------------

In brief, the first MIC determination of MAMs, tetracycline antibiotics and MAMs + tetracycline antibiotics against both *bla* ~NDM-1~ *E*. *coli* R3336 and *E*. *coli* (ATCC 25922) was performed as described above (Antibacterial Assays). Bacteria from triplicate wells at the concentration of one-half MIC were removed and used to prepare the bacterial dilution (\~5.0×10^5^ CFU mL^-1^) for the next experiment. These bacterial suspensions were then used to perform the antibacterial assay that was repeated for 32 passages. The fold of increase in MIC was determined by normalizing the MIC at passage n to that of the first passage (MIC~n~/MIC~1~).

Animal Studies {#sec014}
--------------

The mice were housed in individually ventilated cages (IVC) maintained with controlled environment as per the standards. They are housing---pathogen free conventional caging system, bedding material---Corn Cob. The husbandry conditions:-Light: dark cycle- 12:12 hours, Animal Room Temp: 22 ± 2°C, Relative humidity: 30--40%, Access to feed and water: *ad libitum* and Water: RO Water. Animals were randomly selected, marked to permit individual identification and kept in their cages for at least 5 days before the experiment to allow for acclimatization to the experimental conditions. Animal handling and experimentation protocols were followed according to OECD Guidelines for the Testing of Chemicals (OECD 425). All care was taken to cause no pain to the animals. Humane endpoints were used to avoid unnecessary distress and suffering in animals following an experimental intervention that would lead to death. All sections of this report adhere to the ARRIVE Guidelines for reporting animal research. A completed ARRIVE guidelines checklist is included in [S1 Checklist](#pone.0119422.s001){ref-type="supplementary-material"}.

*In-vivo* systemic toxicity studies {#sec015}
-----------------------------------

The experimentation protocols for the determination of dosage, number of animals per groups etc. were followed according to the OECD Guidelines for the Testing of Chemicals (OECD 425). Female Balb/c mice (6--8 weeks, 18--22 g) were used for systemic toxicity studies. Mice were randomized into control and test groups with 5 mice per group. Control groups received 200 μL of sterilized PBS (pH = 7.4). Different doses (5.5, 17.5, 55 and 175 mg kg^-1^) of the test drugs were used as per the OECD guidelines. 200 μL of the test drug solution in sterilized PBS (pH = 7.4) was injected into each mouse (5 mice per group) through intravenous (i.v.) (tail vein) route of administration. The mice in the high dose group (175 mg kg^-1^) immediately post-injection of the drug, showed clinical signs of tremors, recumbency, sever distress and convulsions, which were indicative of the impending death or moribund condition. Therefore, some which were in moribund condition were humanely euthanized using Isoflurane (Halothane) inhalant anaesthetic. For the intraperitoneal (i.p.) and subcutaneous (s.c.) (over the flank) routes of administration, the high dose (175 mg kg^-1^) was not injected to reduce the animal lethality. All the mice were monitored for 14 days post-treatment. Different routes of administration were used to find out the best method of administration of test drugs with minimal pain or lethality to the animals. The animals were closely monitored for the first 30 min to 4 hr for the first 24 hours of the initiation of the experiment. And then onwards, they were monitored daily for 14 days. During the observation period of 14 days, no onset of abnormality was found. The 50% lethal dose (LD~50~) was estimated according to the up- and-down method \[[@pone.0119422.ref032]\]. The remaining animals, post-experimentation, were euthanized using the same procedure.

*In-vivo* sub-chronic toxicity studies {#sec016}
--------------------------------------

Parameters analyzed in subchronic toxicity studies were chosen as per the FDA guidelines of Subchronic Toxicity Study in Rodents. Female Balb/c mice (6--8 weeks, 18--22 g) were used for both acute and subchronic toxicity studies. 200 μL of the polymer solution in sterilized PBS (pH = 7.4) was injected into each mouse. For evaluating the subchronic toxicity- clinical biochemistry parameters, four groups of 10 mice each were given intravenous (i.v.) injection of MAM1 (20 mice) and MAM2 (20 mice) at a dosage of 2 mg kg^-1^ in 200 μL of sterilized PBS (pH = 7.4) and 10 mice were used for the control group. After 48 h, blood was collected from 30 mice (10 mice for MAM1, 10 mice for MAM2 and 10 mice for control) and analyzed for different parameters like alkaline phosphatase (ALP), creatinine, blood urea nitrogen, and electrolytes like sodium, potassium ions and chloride. Also, after 14 days, blood was collected from the remaining mice and analyzed for the above mentioned parameters. Similarly, all the above parameters were analyzed for the control group as well. The data are expressed as mean ± standard deviation, based on values obtained from 10 mice (n = 10 for the data from this report). Statistical analysis was performed using student's *t-test*. Differences are considered statistically significant with probability p \< 0.05. Post experimentation, mice were euthanized using Isoflurane (Halothane) inhalant anaesthetic.

Mouse Neutropenic Thigh Infection Studies {#sec017}
-----------------------------------------

The experiments were performed in female Swiss-Albino mice (4 mice per group) using a mouse neutropenic thigh infection model against *bla* ~NDM-1~ *E*. *coli* (R3336) through intraperitoneal (i. p.) injection of test drugs as described previously in detail \[[@pone.0119422.ref024]\]. Briefly, the mice were rendered neutropenic (about 100 neutrophils mL^-1^) by injecting two doses of cyclophosphamide intraperitoneally 4 days (150 mg kg^−1^) and 1 day (100 mg kg^−1^) before the infection experiment. About 10^5^ CFU mL^-1^ of the bacterial inoculum was injected into the thigh. About 1 h after infection, animals were treated intraperitoneally twice (1 h and 12 h post infection) with saline and compounds. At 24 h post first treatment, cohorts of animals were euthanized (using Isoflurane (Halothane)) and the thighs were collected aseptically. The thigh was weighed and placed into about 10 mL of sterile saline and homogenized. The dilutions of the homogenate were plated onto agar plates, which were incubated overnight at about 37°C. The bacterial titer was expressed as log~10~ CFU/g of thigh weight and expressed as mean ± S.E.M (standard error of mean). P value was calculated using the unpaired Student's *t* test (2 tailed 2 samples assuming equal variances) and a value P \< 0.05 was considered significant.

Supporting Information {#sec018}
======================

###### Completed "The ARRIVE Guidelines Checklist" for reporting animal data in this manuscript.

(PDF)

(PDF)

###### 

Click here for additional data file.

###### Supporting files.

**Figure A. Antibacterial activity of minocycline and MAMs**. The combination of MAM1 and minocycline (25 μg mL^-1^ + 3.1 μg mL^-1^) showed synergistic bactericidal activity whereas MAM1 (25 μg mL^-1^) alone and minocycline alone (3.1 μg mL^-1^) were devoid of antibacterial activity against NDM-1 producing *E*. *coli* R3336. 20 μL of the bacterial suspension was taken and plated on MacConkey agar plates. Images were taken after 24 h incubation. **Figure B. Development of drug-resistance in tetracycline sensitive *E*. *coli* (ATCC 25922)**. Fold of increase in MICs of MAMs, tetracycline alone and in combination with MAMs after exposure of *E*. *coli* (ATCC 25922) to sub-MIC concentrations over 32 passages. *E*. *coli* did not develop resistance to MAMs. More importantly, resistance against tetracycline alone developed very rapidly but did not develop in presence of MAM1. The MICs of individual agents were as follows: tetracycline (1.56 μg mL^-1^); MAM1 (15.6 μg mL^-1^), MAM1 + tetracycline (8 + 1) μg mL^-1^; MAM2 (250 μg mL^-1^); MAM2 + tetracycline (62.5 + 1) μg mL^-1^. **Figure C. Mechanistic studies using tetracycline sensitive *E*. *coli* (ATCC 25922)**. (A) *E*. *coli* had much faster and higher uptake of tetracycline in presence MAM2 (20, 30, 60 and 100 μg mL^-1^) than tetracycline alone (100 μg mL^-1^). (B) MAMs dissipated the membrane potential in *E*. *coli* as seen in the increase in fluorescence of DiSC~3~(5) after addition of MAMs at 25 μg mL^-1^; (C) Colistin and MAM2 (both at 60 μg mL^-1^) increased whereas carbonyl cyanide *m*-chlorophenyl hydrazone, CCCP (5 μg mL^-1^) decreased the uptake of tetracycline (100 μg mL^-1^). (D) MAMs caused cytoplasmic membrane permeabilization as seen in the increase in fluorescence of propidium iodide (PI) after addition of MAMs at 25 μg mL^-1^; Relative fluorescence was calculated by subtracting the fluorescence without the bacteria from the fluorescence of bacteria containing samples. **Figure D. Uptake of tetracycline against *bla*** ~**NDM-1**~ ***E*. *coli* R3336**. (A) Uptake of tetracycline (100 μg mL^-1^) in presence of the MAM1 and MAM2 (both at 20 μg mL^-1^) is much higher and faster compared to tetracycline alone as well as in the presence of nigericin and CCCP (both at 10 μg mL^-1^). **Table A.** Antibacterial activity of conventional antibiotics in presence or absence of MAMs and colistin against MDR and *bla* ~NDM-1~ clinical isolates. **Table B.** Antibacterial activity of MAMs and colistin against MDR and *bla* ~NDM-1~ clinical isolates. **Table C.** Synergistic profiles of tetracycline antibiotics in combination with MAMs or colistin against MDR and *bla* ~NDM-1~ clinical isolates. **Table D.** Effect of MAMs on the liver and kidney functional parameters and balance of electrolytes in the blood of mice 14 days post-treatment.
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